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1 | INTRODUCTION

In the modern age, children spend a significant amount of time on the
internet (Jackson et al., 2006). Thus, the impact of this daily habit of
children has become the focus of many studies, mainly cross-

sectional ones.
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Abstract

Excessive internet use is shown to be cross sectionally associated with lower cognitive function-
ing and reduced volume of several brain areas. However, the effects of daily internet use on the
development of verbal intelligence and brain structures have not been investigated. Here, we
cross sectionally examined the effects of the frequency of internet use on regional gray/white
matter volume (rGMV/rWMV) and verbal intelligence as well as their longitudinal changes after
3.0 & 0.3 (standard deviation) years in a large sample of children recruited from the general
population (mean age, 11.2 £ 3.1 years; range, 5.7-18.4 years). Although there were no signifi-
cant associations in cross sectional analyses, a higher frequency of internet use was found to be
associated with decrease of verbal intelligence and smaller increase in rGMV and rWMV of
widespread brain areas after a few years in longitudinal analyses. These areas involve areas
related to language processing, attention and executive functions, emotion, and reward. In
conclusion, frequent internet use is directly or indirectly associated with decrease of verbal

intelligence and development to smaller gray matter volume at later stages.
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Studies on the internet have been conducted in diverse fields, as
the contents of internet activity can vary, reflecting the diverse infor-
mation available online. The internet can be a useful learning tool. For
example, internet-based intervention proved to be a useful learning
tool for health professions in a meta-analysis (Cook et al., 2008). One

focus of studies related to the internet is devices. Mobile phones are
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widely available in modern times, and long periods of time are spent
for internet-based activity. The total time spent using mobile phones
was significantly associated with poor sleep habits, declines in study
habits, increases in class absence, and increased tardiness for classes
in a prior analysis (Gupta, Garg, & Arora, 2016). In addition, increased
smartphone use is associated with a less analytic cognitive style and
lower cognitive abilities (Barr, Pennycook, Stolz, & Fugelsang, 2015).
Smartphone addiction has become increasingly prevalent, and it is
associated with perceived stress and poorer academic performance
(Samaha & Hawi, 2016). Another focus of studies related to internet is
content. For example, internet pornography consumption is one
research target, and studies have identified associations of internet
pornography consumption with sexual permissiveness (Lo & Wei,
2005). Additionally, internet pornography consumption represents a
substantial portion of all pornography consumption, which is associ-
ated with brain reward networks (Kihn & Gallinat, 2014). Another
popular use of the internet in modern times is social networking.
Previous research reported that longer Facebook use is associated
with social connectedness (Alloway, Horton, Alloway, & Dawson,
2013), social trust, and life satisfaction (Valenzuela, Park, & Kee,
2009), although social network addiction is associated with greater
difficulties with emotion regulation (Hormes, Kearns, & Timko, 2014).
Some studies have focused on the use of media including the internet.
Studies have illustrated that people who frequently engage in multi-
tasking involving media (primarily driven by internet use) perform
worse on cognitive control tasks and exhibit greater socio-emotional
difficulties and reduced gray matter density in regions related to
attention (Loh & Kanai, 2016).

Contrarily, a substantial number of studies have been devoted to
overall internet use, which is the target of the present investigation or
overall internet addiction (addictive internet use). Similar to watching
television (Kostyrka-Allchorne, Cooper, & Simpson, 2017), internet
use has content-specific and overall effects. A high amount of internet
use has been shown to be associated with lower school performance
in a large sample (Englander, Terregrossa, & Wang, 2010; Kim & So,
2012). In addition, internet addiction which is supposed to accompany
greater internet use has been shown to be associated with lower
comprehension ability (Park et al, 2011), executive function and
impulsivity (Zhou, Zhu, Li, & Wang, 2014), reduced attention, and
mood (Bavelier et al., 2011). Also, higher amount of internet use was
shown to be longitudinally associated with increase in depression and
loneliness (Kraut et al., 1998).

Previous neuroimaging studies have investigated the functional
activation related to internet activity and the neural characteristics of
individuals with internet addiction (addictive internet use). A func-
tional imaging study has shown that internet searching is associated
with higher brain activation in the right orbitofrontal cortex, which is
related to reward, and lower brain activation in the right middle tem-
poral gyrus, which is related to language processing (Dong & Potenza,
2015). In addition, internet searching has been shown to be associated
with lower accuracy when recalling information (Dong & Potenza,
2015). Conversely, multiple anatomical studies of internet addiction
(addictive internet use) (Pezoa-Jares, Espinoza-Luna, & Medina, 2012)
have shown a decrease in the regional gray matter volume (rGMV) of

the bilateral dorsolateral prefrontal cortex, anterior cingulate, and

supplementary motor area, which are involved in executive control
and attention (Kondo, Osaka, & Osaka, 2004); the insula, which is
involved in emotion processing (Bora, Fornito, Yiicel, & Pantelis,
2010); temporal areas, which are involved in language processing
(Cabeza & Nyberg, 2000); orbitofrontal areas, which are involved in
reward processing (Kringelbach, 2005); and occipital and posterior
cingulate areas.

However, these cross-sectional studies cannot strongly address
causality, and intervention studies designed to investigate the
negative impact of long-term daily habits are practically and ethically
difficult. As described above, although the negative impact of higher
amount of internet use or internet addiction (addictive internet use) in
the youth has been documented, the youth is increasingly spending
more time on the internet (Livingstone, 2003). Thus, revealing the lon-
gitudinal effects of internet use on the neural systems and intellectual
abilities of children is socially and scientifically important.

Based on the aforementioned previous studies, we hypothesized
that frequent internet use in children is longitudinally associated with
a decline in verbal intelligence (e.g., verbal skills and attentional ability)
(Wechsler, 1997) and a reduction (or smaller developmental increase)
in the volume of the aforementioned widespread brain areas, includ-
ing a wide range of prefrontal areas, the anterior cingulate, the insula,
and temporal and occipital areas.

The aim of the present study was to test these hypotheses and
reveal the effects of internet use via cross-sectional and longitudinal
analyses of brain structures and verbal intelligence in children. For this
purpose, we performed cross-sectional analyses to identify associa-
tions between the frequency of internet use and rGMV/regional
white matter volume (rWMV). Using a longitudinal design, we
analyzed the associations between the frequency of internet use and
changes in rGMV, rWMV, and verbal intelligence after a few years.
We evaluated rGMV and rWMV using voxel-based morphometry
(Good et al., 2001).

2 | METHODS

2.1 | Subjects

All subjects were Japanese children recruited from the general popula-
tion. For full descriptions, see Supplemental Methods. The following
descriptions have been largely reproduced (have been rewritten in the
exact same way in this manuscript) from our previous study of the
same project (Takeuchi et al., 2016). As per the Declaration of Helsinki
(1991), written informed consent was obtained from each subject and
his/her parent. Approval for these experiments was obtained from the
Institutional Review Board of Tohoku University. A few years (for
details about this interval, see Table 1) after the pre-experiment, post-
experiment was conducted and part of the subjects from the pre-
experiment also participated in this post-experiment.

Cross-sectional imaging analyses were performed in 284 subjects
(138 boys and 146 girls; mean age, 11.2 & 3.1 years; range, 5.7-18.4
years) and longitudinal imaging analyses were performed in 223 subjects
(115 boys and 108 girls; mean age, 14.2 + 3.0 years; range, 8.4-21.3

years). The socioeconomic background of subjects' families is provided
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TABLE1 Psychological variables of the study participants

(mean + SD, range) in the cross-sectional imaging analyses (138 boys
and 146 girls, upper lines) and their change in the longitudinal imaging
analyses (115 boys and 108 girls, lower lines when there are two
lines)

Measure Boys Girls
10.9 + 2.8,5.7-16.6 11.5 + 3.3,5.8-184

Age (years)
(mean =4 SD, range)

3.0+ 0.3,1.7-4.0 3.0+03,1.8-4.1

FSIQ (mean =+ SD, 104.1 +£12.9,77-134 1014 +11.1,71-128

range)
0.5+ 9.0, -23-24 1.9 £ 9.4,-44-26

VIQ (mean =+ SD, 105.4 +13.3,72-152 102.2 + 13.0, 67-134

range)
-0.5+10.3,-28-27 1.4 + 10.3,-41-22

PIQ (mean =+ SD, 101.7 + 13.7,62-136 99.9 + 11.1,73-129

range)
1.6 + 9.7,-23-26
Family annual income® 4.07 + 1.49,1-7
144 + 1.73,9-185

2.2 + 10.8, -50-32
3.86 + 1.48,1-7

Average number of 141 + 1.53,10.5-18.5
years of parents'
highest educational

qualification

Internet use
(frequency)®

4.79 + 1.82,1-7 445 + 1.95,1-7

@ Family annual income was classified as follows: 1, annual income below
2 million yen; 2, 2-4 million yen; 3, 4-6 million yen; 4, 6-8 million yen;
5, 8-10 million yen; 6, 10-12 million yen; 7, >12 million yen.

® The answer choices consisted of seven options: 1, prohibited (not given);
2, not at all; 3, on rare occasions; 4, 1 day in a week; 5, 2-3 days in a
week; 6, 4-5 days in a week; and 7, almost daily.

in Table 1. Furthermore, all the subjects have been students since the
start of mandatory education.

No other study is using the data of internet in this cohort.

2.2 | Assessments of psychological variables

The following descriptions, except those of internet use, have been
largely reproduced from our previous study of the same project
(Takeuchi et al., 2015a). In both pre and post-experiments, we
measured the Full Scale intelligence quotient (IQ) using the Japanese
version of the Wechsler Adult Intelligence Scale-Third Edition (WAIS-
Ill) for subjects aged 16 years or older or the Wechsler Intelligence
Scale for Children-Third Edition (WISC-IIl) for subjects younger than
16 years (Azuma et al., 1998). The tests were administered by trained
examiners (Fujita, Maekawa, Dairoku, & Yamanaka, 2006). We calcu-
lated the Full Scale 1Q, verbal IQ (VIQ), and performance 1Q (PIQ) for
each subject from their WAIS/WISC scores.

In the pre-experiment, information on current internet use habits
was collected using a self-report questionnaire with multiple choice
questions. The answers to the questions included the following seven
options: 1, prohibited (not given); 2, not at all; 3, on rare occasions;
4, 1 day in a week; 5, 2-3 days in a week; 6, 4-5 days in a week; and
7, almost daily. Option 1 means children were not allowed to use the
internet (or the technical equipment for internet was not given) by
their parents. The values 1-7 were used in subsequent regression
analyses. The main analyses separated Options 1 and 2, because the

question itself made a distinction between the two as there could be

a difference between “prohibited” and “does not choose to do.” But
even when Option 1 for this question was changed to Option 2, the
significance of the analysis results did not change much and the
results remained significant. Refer to Supporting Information Methods
for the rationale for using this method to evaluate how much one use
the internet. We chose to use the measure of frequency of internet
use instead of hours of internet use. This is because the previous
study already showed the frequency instead of the hours of internet
use far more strongly associated with psychological problems among
children (Johansson & Gotestam, 2004). We only assessed and had
the internet use habits at the pre-experiment because this project is a
prospective longitudinal cohort study. As described previously
(Takeuchi et al., 2015a), to indicate causality at certain levels with
analyses in a prospective longitudinal cohort study, it is important that
certain variables measured in the pre-experiment period predict
(or precede) subsequent changes in other variables. It is a gold
standard procedure for prospective longitudinal studies.

Further, as additional covariates, we gathered the following infor-
mation: number of parents who live together with children, family's
annual income, educational qualifications of both parents, and urbani-
city (how many people live in the city) of the place (at the municipal
level) where the subjects lived, and sleeping hours. For details about
these measures, including the detailed methods of assessment, and
who answers the questionnaires (guardian or subjects) and its ratio-
nale, please see our previous study (Takeuchi et al., 2015a; Taki et al.,
2011). Among the covariates, urbanicity of the area of residence
(at the municipal level) and sleep duration are not used in many stud-
ies in this field (rationale is provided in the Supporting Information
Methods). Excluding these two covariates did not alter the signifi-
cance of the longitudinal imaging analysis findings. However, the
results of longitudinal psychological analysis changed from significant
to slightly outside the statistical significance level but these subtle
changes did not alter our discussion and conclusion (for details, see

Supporting Information Methods and Results).

2.3 | Behavioral data analysis

Behavioral data were analyzed using predictive analysis software
release version 22.0.0 (PASW Statistics 22; SPSS, Inc., Chicago, IL;
2010). The following descriptions have been largely reproduced from
our previous study of the same project (Takeuchi et al., 2016). Multi-
ple regression analyses were used to investigate the associations
between internet use and VIQ in the pre-experiment as well as those
between internet use in the pre-experiment and the pretest to post-
test change in VIQ. In the cross-sectional analyses, sex, age (days after
birth), family's annual income, average number of years for parents'
highest educational qualification, person who answered the question
regarding the internet use, urbanicity of the area in which the partici-
pant lived, and sleeping hours as covariates. Additionally, in longitudi-
nal analyses, the time interval between the pre and post-experiment
and the independent variable of the cross-sectional analysis (VIQ)
were added as covariates. Although the primary outcome measure in
this behavioral analysis was the effect of internet use on VIQ, other
IQ test scores were investigated in the same manner. The rationale of

inclusion of urbanicity of the area, sleeping hours as covariates is due
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to their effects on neural and cognitive systems (Lederbogen et al.,
2011; Taki et al., 2011) as well as it is likely these variables are associ-

ated with internet use.

2.4 | Image acquisition

All images were collected using a 3-T Philips Intera Achieva scanner.
Three-dimensional, high-resolution, T1-weighted images (T1WI) were
collected using a magnetization-prepared rapid gradient-echo sequence.
The parameters were as follows: 240 x 240 matrix, TR = 6.5 ms, TE = 3
ms, Tl = 711 ms, FOV = 24 cm, 162 slices, 1.0-mm slice thickness, and

scan duration of 8 min and 3 s.

2.5 | Preprocessing and analysis of structural data

Pre-processing of the structural data was performed using Statistical
Parametric Mapping software (SPM12; Wellcome Department of Cog-
nitive Neurology, London, UK) implemented in MATLAB (Mathworks,
Inc., Natick, MA). For cross-sectional analyses of the images, using the
new segmentation algorithm implemented in SPM12, T1-weighted
structural images of each individual were segmented and normalized
to the Montreal Neurological Institute (MNI) space to give images with
1.5 x 1.5 x 1.5 mm?® voxels using diffeomorphic anatomical registra-
tion through exponentiated lie algebra (DARTEL) registration process
implemented in SPM12. In addition, we performed a volume change
correction (modulation) (Ashburner & Friston, 2000). Subsequently,
generated rGMV and rWMV images were smoothed by convolving
them with an isotropic Gaussian kernel of 8 mm full width at half max-
imum (FWHM). For full descriptions of these procedures, see Support-
ing Information Methods.

For longitudinal analyses, the pairwise Longitudinal Registration
toolbox (Ashburner & Ridgway, 2013) and new segmentation algorithm
implemented in SPM12 were used to register the pre and post-
experiment T1WIs, and maps of changes in rGMV and rWMV were cal-
culated. In addition, using DARTEL procedures normalized to the MNI
space, images with 1.5 x 1.5 x 1.5 mm® voxels were obtained. Subse-
quently, the generated maps of changes in rGMV and rWMV were
smoothed by convolution with an isotropic Gaussian kernel of 8 mm
FWHM. For full descriptions of these procedures, refer to Supporting
Information Methods.

2.6 | Statistical analysis

Statistical analyses of imaging data were performed with SPM8.

In cross-sectional whole-brain multiple regression analysis of the
main effect of internet use, we included only voxels with an rGMV
(or WMV) signal intensity of >0.05. Cross-sectional whole-brain multi-
ple regression analysis was performed to investigate the association
between rGMV or rWMV and internet use. The covariates were the
same as those used in the psychological cross-sectional analyses
except that in imaging analyses, the total intracranial volume (TIV)
calculated using voxel-based morphometry (for details of calculation
see the reference Takeuchi et al., 2015b) was added as a covariate.

In longitudinal whole-brain multiple regression analysis of the

main effect of internet use, the analysis was limited to areas where

the average rGMV value for the segmented and normalized mean
images of prescans and postscans of all participants was greater than
0.05. In longitudinal analyses of rGMV (or rWMV), we determined the
associations between internet use and maps representing the signal
changes in rGMV (or rWMV) between the pre and post-experiment
images (meaning dependent variable at each voxel was signal of the
map of the change of rGMV (or rWMV). The covariates were the same
as those used in the psychological longitudinal analyses except that in
imaging analyses, TIV in the pre-experiment was added as a covariate.

A multiple comparison correction was performed using threshold-
free cluster enhancement (TFCE) (Smith & Nichols, 2009) with ran-
domized (5,000 permutations) nonparametric testing using the TFCE
toolbox (http://dbm.neuro.uni-jena.de/tfce/). We applied a threshold
of family-wise error corrected at p < .05.

SPM8 was used here because of better compatibility of the soft-
ware of TFCE and home-made script for analyses. As long as TFCE is
used, the rationale for estimating the statistical significance is same,

and this would not matter to the results.

3 | RESULTS

3.1 | Basicdata

The characteristics of the subjects are shown in Table 1. Intelligence
of subjects showed a normal value. The distribution of frequency of
internet use for all the subjects, which was collected by a self-report
questionnaire, is shown in Figure 1. Majority of subjects do not rarely
use internet or do not use internet in the daily life.

The studies in this project including the present study included
subjects with 1Q < 80. The rationale for using this criterion and the
effects of excluding this criterion are provided in the Supporting Infor-
mation Methods and Results.

3.2 | Cross-sectional behavioral analysis

After correcting for confounding variables, multiple regression analysis
using pre-experiment data revealed that the frequency of internet use
in the pre-experiment did not significantly correlate with VIQ in the

pre-experiment [p = .150, standardized partial regression coefficient
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(B) = 0.097, t = 1.443]. We subsequently investigated the association
of frequency of internet use with FSIQ and PIQ; however, the fre-
guency of internet use did not significantly correlate with FSIQ in the
pre-experiment (p = .626, p = 0.033, t = 0.487) and PIQ in the pre-
experiment (p = .439, p = -0.052,t = -0.775).

33 |

After correcting for confounding variables, multiple regression analysis

Longitudinal behavioral analysis

performed using longitudinal data revealed that the frequencies of
internet use in the pre-experiment were significantly and negatively
correlated with the VIQ change between the pre and post-experiment
data (p = .034, p = -0.151, t = -2.129, Figure 2). We subsequently
investigated the association of the frequency of internet use with
changes in FSIQ and PIQ. The frequency of internet use showed a sig-
nificant negative correlation with the FSIQ change between the pre
and post-experiment data (p = .043, = -0.144, t = 2.033) but not
with the PIQ change between the pre and post-experiment data
(p =.194,p = -0.091, t = -1.30).

3.4 | Cross-sectional rtGMV/rWMV analysis

After correcting for confounding variables, multiple regression analysis
using pre-experiment data revealed that the frequency of internet use
did not significantly correlate with rGMV or riWMV of any of the brain

areas.

3.5 | Longitudinal rGMV/rWMYV analysis

After correcting for confounding variables, whole-brain multiple regres-
sion analysis performed using longitudinal data revealed that the fre-
quency of internet use in the pre-experiment showed a significant
negative correlation with the change in rGMV of a widespread anatomi-
cal cluster, particularly including extensive bilateral perisylvian areas, the
bilateral temporal pole, the bilateral cerebellum, bilateral medial tempo-
ral lobe structures (hippocampus and amygdala), bilateral basal ganglia
structures, the bilateral inferior temporal lobe, the thalamus, the bilateral
orbitofrontal gyrus and lateral prefrontal cortex, the insula, and the left
lingual gyrus (Figure 3a,b and Supporting Information Table S1).

After correcting for confounding variables, whole-brain multiple
regression analysis performed using longitudinal data revealed that
the frequency of internet use in the pre-experiment showed a signifi-
cant negative correlation with the change in rWMV of a widespread
anatomical cluster that spread to the WM area adjacent to the afore-
mentioned rGMV cluster and cingulate areas (Figure 4a,b and Sup-

porting Information Table 2).

4 | DISCUSSION

As described in Section 1, previous cross-sectional studies have
reported that negative psychological and neural characteristics are
associated with internet addiction (addictive internet use). In the pre-
sent study, we revealed the novel effects of the frequency of internet
use in children recruited from the general population via cross-

sectional and longitudinal analyses. Our hypotheses were partly
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FIGURE2 The association between internet use (frequency)
and VIQ change across time. The scatter plot and accompanying
trendline depict the association between internet frequency
and longitudinal VIQ change. After correcting for confounding
variables, a lower frequency of internet use was significantly
associated with an improvement in VIQ from pre to post-
experiment

confirmed and although cross sectional differences in the frequency
of internet use were not associated with outcome measures, unlike
the aforementioned findings in internet addiction (addictive internet
use), a higher frequency of internet use was associated with
decreased verbal intelligence and smaller volume increases in wide-
spread brain areas after a few years. These brain areas are related to
language processing, attention and executive functions, emotion, and
reward, as discussed and hypothesized subsequently. The longitudinal
correlations could not be caused by age, simply because age is cor-
rected in longitudinal analyses.

The areas that showed a significant decrease in rGMV and rwWMV
in response to an increase in the frequency of internet use are related
to language processing, memory, attention, and executive functions.
Among the areas found to be significantly affected in our study, the
left perisylvian region is consistently activated during a wide range of
language processing and is considered to play a key role in these pro-
cesses (Cabeza & Nyberg, 2000). The hippocampus, which is involved
in memory formation and learning new information, appears to be
associated with increased rGMV of this area (Draganski et al., 2006).
The lateral prefrontal regions are involved in the manipulation or men-
tal operation of objects retained in one's mind, executive functioning,
attention, and working memory (Baddeley, 2003; Owen, 2000). The
cerebellum has many functions; however, one of the key functions of
this region involves the phonological loop (Baddeley, 2003), which
together with perisylvian areas is suggested to be part of the phono-
logical loop of WM that enables verbal information to be stored in
WM (Osaka & Nishizaki, 2000). We speculate that the smaller rGMV
development in these regions due to frequent internet use may be
associated with a decrease in verbal intelligence, which is measured
by the Wechsler 1Q test and involves verbal skills, knowledge, atten-
tion, and working memory (Wechsler, 1997).

From the present findings, we can only speculate the mechanisms
underlying these associations. A decrease in neural tissues such as

spines based on the mechanisms underlying use-dependent plasticity,
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which is caused by decreased activities (Takeuchi and Kawashima,
2016) during internet use, may be one such mechanism. For example,
hippocampal activity and memory performance have been shown to
decrease during internet use (Dong & Potenza, 2015).

The brain areas that showed a significant decrease in rGMV and
rWMYV in response to increased frequency of internet use also involve
emotion and reward. The insula is activated in response to a wide
range of cognitive processes (Chang, Yarkoni, Khaw, & Sanfey, 2013);
therefore, it is difficult to infer how this region may be affected by
internet use based on the present findings. However, as stated in
Section 1, this area is critically involved in emotion processing (Chang
et al.,, 2013). In addition, rGMV of the insula is reduced during depres-
sion (Bora et al., 2010) and a wide range of psychiatric diseases involv-
ing depression (Phillips, Drevets, Rauch, & Lane, 2003). Similarly, areas
such as the amygdala are functionally involved in emotional proces-
sing, and their volume is reduced during depression (Phillips et al.,
2003). Conversely, the orbitofrontal cortex and putamen are known
to be part of the reward system and are involved in motivation as well
(Naranjo, Tremblay, & Busto, 2001). It is known that internet activity
is highly rewarding and the orbitofrontal cortex is activated during
internet activity (internet searching) (Dong & Potenza, 2015). Engage-
ment in these types of highly rewarding activities is suggested to lead
to desensitization to reward and loss of ability to enjoy pleasure,
resulting in depressive mood (Naranjo et al., 2001). Perhaps, through
these cascades, structural changes in these regions may be induced. In
addition, the regional gray matter structure of the orbitofrotnal cortex
is related to impulsivity (Yokoyama et al., 2015); thus, through the
changes in these neural mechanisms, frequent internet use may be
associated with depressive moods and impulsivity (LaRose, Eastin, &
Gregg, 2001; Spada, 2014). However, these statements are highly
speculative, and we did not gather information relevant to depression
and impulsivity in the present study. Future studies may be needed to
ascertain the validity of these speculations.

The present study has advanced our understanding of the direct
and indirect effects of frequent internet use in children. As described
in Section 1, previous studies have shown lower psychological perfor-
mance in children with excessive internet use (for details see
Section 1). Neuroimaging studies have shown reduction in the volume
of brain areas in these subjects as well. In the present study, we longi-
tudinally investigated the effects of the frequency of internet use in
children recruited from the general population and have shown fre-
guent internet use is directly or indirectly associated with develop-
ment to smaller verbal intelligence and smaller gray matter volume in
this sample. These data suggest the causality of frequent internet use
more strongly than cross-sectional studies.

The reason why we did not observe significant associations in
cross-sectional behavioral analysis may be related to the multiple fac-
tors that could work to form the positive associations between inter-
net use and behavioral and structural outcome measures, despite the
general negative impact of internet use as described below. First,
internet use is associated with preferable environments that could
facilitate verbal and structural development. For example, a higher
socioeconomic status in childhood leads to greater internet use in
later life (Silver, 2014) (although associations between the socioeco-

nomic status and frequency of internet use were weak and not

significant in the present study). Second, cross-sectional analysis
showed that internet use is beneficial for reading skills in children with
low reading ability (Jackson, Von Eye, Witt, Zhao, & Fitzgerald, 2011),
perhaps indicating that internet use may facilitate primitive language
skills initially, but these effects may not last long after the acquisition
of such skills (and may not appear in longitudinal analyses). Third, chil-
dren with greater intelligence may (be able to) use the internet more
frequently for various reasons. These factors may erase the negative
causal impact of internet use on verbal intelligence in cross-sectional
analyses. Future studies are needed to investigate these possibilities.
Consistently, when we divided subjects into older and younger
groups, there were significant interaction effects between this age
group and the frequency of internet use on rWMV of the right parietal
areas in cross-sectional analysis (see Supporting Information Figure 1,
Methods, and Results for details). A similar tendency was observed in
widespread frontal and parietal areas when a more lenient threshold
was used (Supporting Information Figure 2). This result was observed
by the tendency toward a positive association between the frequency
of internet use and rWMV in younger children and the opposite ten-
dency in older children. This finding may be consistent with all the
possibilities mentioned in this paragraph, considering that the cumula-
tive effects of long-term internet use in older subjects may erase the
positive association between the frequency of internet use and
rWMYV that may be formed through the mechanisms mentioned in this
paragraph. The impact of other possibilities such as the use of the
internet for different purposes by older and younger subjects cannot
be ruled out, and future studies are needed to confirm which of these
possibilities is correct.

Regarding brain areas associated with the significant correlations
between internet use and longitudinal rGMV and rWMV changes,
although the areas were dispersed bilaterally, only right (but not left)
temporoparietal regions were identified as areas of significance
(Figures 3 and 4). However, when the threshold was lowered to
p = .10 and correction was performed, similar trends were observed
in the left homolog (Supporting Information Figure 3). Therefore, it is
difficult to conclude whether internet use was associated with
regional brain volume changes in the left hemisphere or whether the
changes are stronger in the right temporoparietal regions. Future
studies are needed to investigate this issue with greater statistical
power.

Furthermore, it should be noted that the present study investi-
gated the effects of internet use in children and the effects of internet
use could vary between different groups. In the elderly, internet use
has been shown to be consistently associated with better cognitive
functioning and moods (Hamer & Stamatakis, 2014; Tun & Lachman,
2010), and some intervention studies have shown the beneficial
effects of interventions using the internet (van der Wardt, Bande-
low, & Hogervorst, 2010). Thus, the effects of internet use on the
neural mechanisms in other groups should be investigated in future
studies.

The present study had some limitations. First, as discussed in our
previous study of a similar project (Takeuchi et al., 2015b), this was
not an intervention study. Thus, although we have shown a correla-
tion between the frequency of internet use at one point and the longi-

tudinal change in verbal intelligence and brain structures later, we
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FIGURE 3 The longitudinal association between internet use
(frequency) and rGMV change across time. After correcting for
confounding covariables, frequent internet use was significantly
associated with greater (relative) rGMV increase. (a and b) The results
shown were obtained using a threshold of TFCE of p < .05, based on
5,000 permutations. The results were corrected at the whole brain
level. We observed significant associations with a large anatomical
cluster that mainly included perisylvian areas, orbitofrontal and lateral
prefrontal areas, the insula, the putamen, the pallidum, the thalamus,
medial temporal areas, the anterior temporal pole, and the cerebellum.
(a) The results were projected onto the rendered image of SPM8.

(b) The regions of correlation are overlaid on an SPM8 “single subject”
T1 image. The color bar represents TFCE value. (c) The scatter plot
and accompanying trendline depict the association between internet
frequency and mean longitudinal change in rGMV of the significant
cluster. Y axis represents signal intensity of map of rGMV change.
Note the results can extend into white matter areas because of
smoothing

cannot clarify whether internet use itself directly affects these mea-
sures. There is a possibility that a reduction in the number of benefi-
cial activities (e.g., reading, studies, interacting with others, and
exercise) due to the increased time spent on the internet may directly
affect these measures. In addition, when children sleep for 8 hr and
go to school for 8 hr, the time remaining during the day is limited;
thus, if they only spend a certain amount of time on specific activities,
other activities are naturally compensated, and these all other com-
pensated activities may be important for the observed changes in out-
come measures. We believe that even if this is the case, the purpose

of our study was fulfilled because we determined that compared with

other activities, internet use is not beneficial for the development of
verbal intelligence and brain structural development. However, as dis-
cussed earlier, there is some evidence to suggest that under certain
conditions (children without primitive language skills), internet use
may help children to develop primitive language skills. Future studies
may be able to investigate this issue more precisely. Alternatively, cer-
tain individual tendencies toward internet use may affect brain struc-
tures and verbal intelligence. We had corrected potential confounding
variables in the multiple regression analyses. And other variables such
as the relationship with parents, and personalities related to the devel-
opmental disorder (empathizing and systemizing) (Sassa et al., 2012)
that were gathered in the pre-experiment of this project did not show

significant relationship with frequency of internet (p > .1, |r] < 0.1).

But ultimately, this possibility cannot be ruled out in nonintervention
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FIGURE4 The longitudinal association between internet use
(frequency) and rWMV change across time. After correcting for
confounding covariables, frequent internet use was significantly
associated with greater (relative) WMV increase. (a and b) The results
shown were obtained using a threshold of TFCE of p < .05, based on
5,000 permutations. The results were corrected at the whole brain
level. We observed significant associations with a large anatomical
cluster that mainly included the white matter area beneath or near
perisylvian areas, orbitofrontal and lateral prefrontal areas, the insula,
the putamen, the pallidum, the thalamus, medial temporal areas, the
anterior temporal pole, middle and anterior cingulate areas, and the
cerebellum. (a) The results were projected onto the surface image of
SPMB8. (b) The regions of correlation are overlaid on an SPM8 “single
subject” T1 image. The color bar represents TFCE value. (c) The
scatter plot and accompanying trendline depict the association
between internet frequency and mean longitudinal change in rwWMV
of the significant cluster. Y axis represents signal intensity of map of
rWMYV change. Note the results can extend into CSF areas because of
smoothing
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longitudinal studies. Future intervention studies may be necessary to
completely rule out this possibility. Furthermore, the cohort project
including the present study began in 2008, when smartphones were
not available and online games were not well-known in Japan. To the
best of our knowledge, at present, children may engage in more online
activities with the development of these new technologies (Rideout,
2016), and the effects of these new technologies should be investi-
gated in future studies. Further, like most relevant previous studies of
internet use and internet addiction or dependency (e.g., Englander
et al,, 2010; Kim & So, 2012; Kraut et al., 1998), we did not gather
information regarding the type of internet use (e.g., email or internet
surfing) or purpose (e.g., social network site or studying) because
these details were out of the scope of our study, and our study was
underpowered to perform these types of subanalyses. The overall
amount of internet use was associated with problematic outcomes
and work as distractors to children in prior studies (e.g., Englander
et al, 2010; Kim & So, 2012; Kraut et al., 1998), and the negative
impact of overall internet use appears predominant. However, this
does not rule out the positive effects of certain types of internet use,
as the internet is a useful source of information. Future studies are
needed to investigate these issues. Moreover, in the present study,
we did not gather information on internet addiction and did not differ-
entiate between the frequency of normal and addictive internet use.
However, we believe that this is not a major issue. Most children did
not use the internet seven times a day in the present study, which
may indicate that subjects with these characteristics are rare. This
may be because internet addiction is typically observed in subjects in
their 20s-30s (Shaw & Black, 2008). Our data (Figure 2-4) shows a
pattern that children with a moderate level of internet use (1-3 days
a week) show a decline in structural and cognitive development of the
brain compared with children with a lesser level of internet use (rare,
not at all, not given), though this is not a statistically clarified issue. As
we discussed earlier (Takeuchi et al., 2016), it is difficult to differenti-
ate between addiction and excessive use statistically in this type of
observational study because these factors tend to strongly correlate
with one another. These issues may be effectively resolved through a
well-designed intervention study.

In conclusion, frequent internet use is directly or indirectly associ-
ated with decrease of verbal intelligence and development to smaller
gray matter volume at later stages.

A definitive conclusion may require intervention studies, which
may be difficult; however, guardians of children should consider these

effects when children engage in frequent internet use.

ACKNOWLEDGMENTS
We respectfully thank Yuki Yamada for operating the MRI scanner,

for being an examiner of psychological tests. We also thank study par-
ticipants, the other examiners of psychological tests, and all of our col-
leagues in Institute of Development, Aging and Cancer and in Tohoku
University for their support. This study was supported by JST/RISTEX,
JST/CREST. This study was supported by Grant-in-Aid for Young Sci-
entists (B) (KAKENHI 23700306) from the Ministry of Education, Cul-
ture, Sports, Science, and Technology. The authors would like to

thank Enago (www.enago.jp) for the English language review.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ORCID
Hikaru Takeuchi

Susumu Yokota

http://orcid.org/0000-0002-8022-9694
http://orcid.org/0000-0003-4698-3615

REFERENCES

Alloway, T. P., Horton, J., Alloway, R. G., & Dawson, C. (2013). Social
networking sites and cognitive abilities: Do they make you smarter?
Computers & Education, 63, 10-16.

Ashburner, J.,, & Friston, K. J. (2000). Voxel-based morphometry-the
methods. Neurolmage, 11(6), 805-821.

Ashburner, J., & Ridgway, G. R. (2013). Symmetric diffeomorphic modeling
of longitudinal structural MRI. Frontiers in Neuroscience, 6, 197.

Azuma, H., Ueno, K., Fujita, K., Maekawa, H., Ishikuma, T., & Sano, H.
(1998). Japanese Wechsler intelligence scale for children (3rd ed.). Tokyo:
Nihon Bunka Kagakusha.

Baddeley, A. (2003). Working memory: Looking back and looking forward.
Nature Reviews. Neuroscience, 4(10), 829-839.

Barr, N., Pennycook, G., Stolz, J. A., & Fugelsang, J. A. (2015). The brain in
your pocket: Evidence that smartphones are used to supplant thinking.
Computers in Human Behavior, 48, 473-480.

Bavelier, D., Green, C. S., Han, D. H., Renshaw, P. F., Merzenich, M. M., &
Gentile, D. A. (2011). Brains on video games. Nature Reviews. Neurosci-
ence, 12(12), 763-768.

Bora, E., Fornito, A., Yicel, M., & Pantelis, C. (2010). Voxelwise
meta-analysis of gray matter abnormalities in bipolar disorder. Biologi-
cal Psychiatry, 67(11), 1097-1105.

Cabeza, R., & Nyberg, L. (2000). Imaging cognition Il: An empirical review
of 275 PET and fMRI studies. Journal of Cognitive Neuroscience,
12(1), 1-47.

Chang, L. J., Yarkoni, T., Khaw, M. W., & Sanfey, A. G. (2013). Decoding
the role of the insula in human cognition: Functional parcellation and
large-scale reverse inference. Cerebral Cortex, 23(2), 739-749.

Cook, D. A, Levinson, A. J., Garside, S., Dupras, D. M., Erwin, P. J., &
Montori, V. M. (2008). Internet-based learning in the health profes-
sions: A meta-analysis. JAMA, 300(10), 1181-1196.

Dong, G., & Potenza, M. N. (2015). Behavioural and brain responses
related to internet search and memory. European Journal of Neurosci-
ence, 42(8), 2546-2554.

Draganski, B., Gaser, C., Kempermann, G., Kuhn, H. G., Winkler, J.,
Buchel, C., & May, A. (2006). Temporal and spatial dynamics of brain
structure changes during extensive learning. Journal of Neuroscience,
26(23), 6314-6317.

Englander, F., Terregrossa, R. A., & Wang, Z. (2010). Internet use among
college students: Tool or toy? Educational Review, 62(1), 85-96.

Fujita, K., Maekawa, H., Dairoku, H., & Yamanaka, K. (2006). Japanese
Wechsler adult intelligence scale (3rd ed.). Tokyo: Nihon Bunka
Kagakusha.

Good, C. D., Johnsrude, I. S., Ashburner, J., Henson, R. N. A,
Friston, K. J., & Frackowiak, R. S. J. (2001). A voxel-based morphomet-
ric study of ageing in 465 normal adult human brains. Neurolmage,
14(1), 21-36.

Gupta, N., Garg, S., & Arora, K. (2016). Pattern of mobile phone usage and
its effects on psychological health, sleep, and academic performance in
students of a medical university. National Journal of Physiology, Phar-
macy and Pharmacology, 6(2), 132-139.

Hamer, M., & Stamatakis, E. (2014). Prospective study of sedentary behav-
ior, risk of depression, and cognitive impairment. Medicine and Science
in Sports and Exercise, 46(4), 718-723.

Hormes, J. M., Kearns, B., & Timko, C. A. (2014). Craving Facebook?
Behavioral addiction to online social networking and its association
with emotion regulation deficits. Addiction, 109(12), 2079-2088.

Jackson, L. A, Von Eye, A, Biocca, F. A, Barbatsis, G., Zhao, Y., &
Fitzgerald, H. E. (2006). Does home internet use influence the


http://www.enago.jp
http://orcid.org/0000-0002-8022-9694
http://orcid.org/0000-0002-8022-9694
http://orcid.org/0000-0003-4698-3615
http://orcid.org/0000-0003-4698-3615

TAKEUCHI eT AL

WILEY-1#2

academic performance of low-income children? Developmental Psychol-
ogy, 42(3), 429-435.

Jackson, L. A, Von Eye, A., Witt, E. A, Zhao, Y., & Fitzgerald, H. E. (2011).
A longitudinal study of the effects of internet use and videogame play-
ing on academic performance and the roles of gender, race and income
in these relationships. Computers in Human Behavior, 27(1), 228-239.

Johansson, A., & Gotestam, K. G. (2004). Internet addiction: Characteristics
of a questionnaire and prevalence in Norwegian youth (12-18 years).
Scandinavian Journal of Psychology, 45(3), 223-229.

Kim, D.-H., & So, W.-Y. (2012). The relationship between daily internet
use time and school performance in Korean adolescents. Central
European Journal of Medicine, 7(4), 444-449.

Kondo, H., Osaka, N., & Osaka, M. (2004). Cooperation of the anterior cin-
gulate cortex and dorsolateral prefrontal cortex for attention shifting.
Neurolmage, 23(2), 670-679.

Kostyrka-Allchorne, K., Cooper, N. R., & Simpson, A. (2017). The relation-
ship between television exposure and children's cognition and behav-
iour: A systematic review. Developmental Review, 44, 19-58.

Kraut, R., Patterson, M., Lundmark, V., Kiesler, S., Mukophadhyay, T., &
Scherlis, W. (1998). Internet paradox: A social technology that reduces
social involvement and psychological well-being? American Psycholo-
gist, 53(9), 1017-1031.

Kringelbach, M. L. (2005). The human orbitofrontal cortex: Linking reward
to hedonic experience. Nature Reviews. Neuroscience, 6(9), 691-702.
Kihn, S., & Gallinat, J. (2014). Brain structure and functional connectivity
associated with pornography consumption: The brain on porn. JAMA

Psychiatry, 71(7), 827-834.

LaRose, R., Eastin, M. S., & Gregg, J. (2001). Reformulating the internet
paradox: Social cognitive explanations of internet use and depression.
Journal of Online Behavior, 53(9), 1017-1031.

Lederbogen, F., Kirsch, P., Haddad, L., Streit, F., Tost, H., Schuch, P., ...
Deuschle, M. (2011). City living and urban upbringing affect neural
social stress processing in humans. Nature, 474(7352), 498-501.

Livingstone, S. (2003). Children's use of the internet: Reflections on the
emerging research agenda. New Media & Society, 5(2), 147-166.

Lo, V.-H., & WEei, R. (2005). Exposure to internet pornography and Taiwan-
ese adolescents' sexual attitudes and behavior. Journal of Broadcast-
ing & Electronic Media, 49(2), 221-237.

Loh, K. K., & Kanai, R. (2016). How has the internet reshaped human cog-
nition? The Neuroscientist, 22(5), 506-520.

Naranjo, C. A., Tremblay, L. K., & Busto, U. E. (2001). The role of the brain
reward system in depression. Progress in Neuro-Psychopharmacology
and Biological Psychiatry, 25(4), 781-823.

Osaka, M., & Nishizaki, Y. (2000). Brain and Working Memory (in Japanese).
Kyoto, Japan: Kyoto University Press.

Owen, A. M. (2000). The role of the lateral frontal cortex in mnemonic pro-
cessing: The contribution of functional neuroimaging. Experimental
Brain Research, 133(1), 33-43.

Park, M.-H., Park, E.-J., Choi, J., Chai, S., Lee, J.-H., Lee, C., & Kim, D.-J.
(2011). Preliminary study of internet addiction and cognitive function
in adolescents based on |Q tests. Psychiatry Research, 190(2),
275-281.

Pezoa-Jares, R. E., Espinoza-Luna, I. L., & Medina, J. A. V. (2012). Internet
addiction: A review. Journal of Addiction Research & Therapy,
2012(S6), 1-10.

Phillips, M. L., Drevets, W. C., Rauch, S. L., & Lane, R. (2003). Neurobiology
of emotion perception II: Implications for major psychiatric disorders.
Biological Psychiatry, 54(5), 515-528.

Rideout, V. (2016). Measuring time spent with media: The common sense
census of media use by US 8-to 18-year-olds. Journal of Children and
Media, 10(1), 138-144.

Samaha, M., & Hawi, N. S. (2016). Relationships among smartphone addic-
tion, stress, academic performance, and satisfaction with life. Com-
puters in Human Behavior, 57, 321-325.

Sassa, Y., Taki, Y., Takeuchi, H., Hashizume, H., Asano, M., Asano, K., ...
Kawashima, R. (2012). The correlation between brain gray matter

volume and empathizing and systemizing quotients in healthy children.
Neurolmage, 60(4), 2035-2041.

Shaw, M., & Black, D. W. (2008). Internet addiction. CNS Drugs, 22(5),
353-365.

Silver, M. P. (2014). Socio-economic status over the lifecourse and internet
use in older adulthood. Ageing and Society, 34(06), 1019-1034.

Smith, S. M., & Nichols, T. E. (2009). Threshold-free cluster enhancement:
Addressing problems of smoothing, threshold dependence and localisa-
tion in cluster inference. Neurolmage, 44(1), 83-98.

Spada, M. M. (2014). An overview of problematic internet use. Addictive
Behaviors, 39(1), 3-6.

Takeuchi, H., & Kawashima, R. (2016). Neural mechanisms and children's
intellectual development: Multiple impacts of environmental factors.
The Neuroscientist, 22(6), 618-631.

Takeuchi, H., Taki, Y., Hashizume, H., Asano, K., Asano, M., Sassa, Y., ...
Kawashima, R. (2015a). The impact of parent-child interaction on brain
structures: Cross-sectional and longitudinal analyses. The Journal of
Neuroscience, 35(5), 2233-2245.

Takeuchi, H., Taki, Y., Hashizume, H., Asano, K., Asano, M,, Sassa, Y., ...
Kawashima, R. (2015b). The impact of television viewing on brain
structures: Cross-sectional and longitudinal analyses. Cerebral Cortex,
25(5), 1188-1197.

Takeuchi, H., Taki, Y., Hashizume, H., Asano, K., Asano, M., Sassa, Y., ...
Kawashima, R. (2016). Impact of videogame play on the brain's micro-
structural properties: Cross-sectional and longitudinal analyses. Molec-
ular Psychiatry, 21, 1781-1789.

Taki, Y., Hashizume, H., Thyreau, B., Sassa, Y., Takeuchi, H., Wu, K., ...
Asano, K. (2011). Sleep duration during weekdays affects hippocampal
gray matter volume in healthy children. Neurolmage, 60(1), 471-475.

Tun, P. A, & Lachman, M. E. (2010). The association between computer
use and cognition across adulthood: Use it so you won't lose it? Psy-
chology and Aging, 25(3), 560-568.

Valenzuela, S., Park, N., & Kee, K. F. (2009). Is there social capital in a social
network site? Facebook use and college students' life satisfaction,
trust, and participation. Journal of Computer-Mediated Communication,
14(4), 875-901.

van der Wardt, V., Bandelow, S., & Hogervorst, E. (2010). The relationship
between cognitive abilities, well-being and use of new technologies in older
people (pp. 333-334). Proceedings of the 28th Annual European Con-
ference on Cognitive Ergonomics, Delft, Netherlands.

Wechsler, D. (1997). WAIS-IIl administration and scoring manual. San Anto-
nio, TX: The Psychological Corporation.

World Medical Association. (1991). Declaration of Helsinki. Law, medicine
& health care: a publication of the American Society of Law &
Medicine. 19(3-4), 264.

Yokoyama, R., Nozawa, T., Takeuchi, H., Taki, Y., Sekiguchi, A., Nouchi, R,,
... lizuka, K. (2015). Regional gray matter density associated with cogni-
tive reflectivity-impulsivity: Evidence from voxel-based morphometry.
PLoS One, 10(3), e0122666.

Zhou, Z., Zhu, H., Li, C., & Wang, J. (2014). Internet addictive individuals
share impulsivity and executive dysfunction with alcohol-dependent
patients. Frontiers in Behavioral Neuroscience, 8, 288.

SUPPORTING INFORMATION

Additional supporting information may be found online in the Sup-

porting Information section at the end of the article.

How to cite this article: Takeuchi H, Taki Y, Asano K, et al.
Impact of frequency of internet use on development of brain
structures and verbal intelligence: Longitudinal analyses. Hum
Brain Mapp. 2018;39:4471-4479. https://doi.org/10.1002/
hbm.24286



https://doi.org/10.1002/hbm.24286
https://doi.org/10.1002/hbm.24286

	 Impact of frequency of internet use on development of brain structures and verbal intelligence: Longitudinal analyses
	1  INTRODUCTION
	2  METHODS
	2.1  Subjects
	2.2  Assessments of psychological variables
	2.3  Behavioral data analysis
	2.4  Image acquisition
	2.5  Preprocessing and analysis of structural data
	2.6  Statistical analysis

	3  RESULTS
	3.1  Basic data
	3.2  Cross-sectional behavioral analysis
	3.3  Longitudinal behavioral analysis
	3.4  Cross-sectional rGMV/rWMV analysis
	3.5  Longitudinal rGMV/rWMV analysis

	4  DISCUSSION
	4  ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  REFERENCES




